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The Purcell effect is usually described as a modification of the spontaneous decay rate in the
presence of a resonator. In plasmonics, this effect is commonly associated with a large local-field
enhancement in ”hot spots” due to the excitation of surface plasmons. However, high-index dielectric
nanostructures, which become the basis of all-dielectric nanophotonics, can not provide high values
of the local-field enhancement due to larger radiation losses. Here, we demonstrate how to achieve a
strong Purcell effect in all-dielectric nanostructures, and show theoretically that the Purcell factor
can be increased by two orders of magnitude in a finite chain of silicon nanoparticles. Using the
eigenmode analysis for an infinite chain, we demonstrate that the high Purcell factor regime is
associated with a Van Hove singularity. We perform a proof-of-concept experiment for microwave
frequencies and observe the 65-fold enhancement of the Purcell factor in a chain of 10 dielectric
particles.
All-dielectric nanophotonics based on nanoparticles of
highly refractive materials allows to control not only
electric but also magnetic component of light at the
nanoscale without high dissipative losses, inherent for
metallic (plasmonic) nanostructures [1–6]. The recent
progress in this ”magnetic light” concept has opened
a door to many important applications of such struc-
tures including metamaterials [1, 4], metasurfaces [7],
sensors and nanoantennas [3, 8]. However, the develop-
ment of quantum optics and biological sensors based on
all-dielectric nanostructures requires high degree of their
interaction with quantum emitters (molecules, quantum
dots, defects in solids), or in other words strong Pur-
cell effect. This effect is usually defined as a modifi-
cation of the spontaneous emission rate of a quantum
emitter induced by its interaction with environment [9–
11]. Although the Purcell effect was discovered in the
context of nuclear magnetic resonance [9], nowadays it
is widely used in many applications, ranging from mi-
crocavity light-emitting devices [12] to single-molecule
optical microscopy [13, 14], being also employed for tai-
loring optical nonlinearities [15], and enhancing sponta-
neous emission from quantum cascades [16].
It is generally believed that large values of the Pur-
cell factor are observed in the systems with strong local
field enhancement associated with the formation of ”hot
spots” (e.g. in plasmonic nanoantennas) [10, 17]. Ac-
cordingly, in order to achieve high values of the Purcell
factor, a quantum emitter should be placed in one of
such hot spots. At the same time, in contrast to their
plasmonic counterparts, all-dielectric nanostructures do
not demonstrate strong electric field enhancement [18],
which is believed to be the main reason of small values of
the Purcell factor. This originates from large radiation
losses and preferential localization of light energy inside
the dielectric nanostructures rather than at the surfaces.
Indeed, by comparing the studies of the Purcell effect
in dielectric and plasmonic nanostructures, one can con-
clude that dielectric structures demonstrate the Purcell
factor of one-two orders of magnitude smaller even in sys-
tems of several particles [11, 19–22]. Namely, the Purcell
factor does not exceed 10-15 in all previously published
papers on dielectric nanostructures with strong dipole
magnetic response [11, 19, 20, 23, 24]. Therefore, such
small values of the Purcell factor do not allow to achieve
an effective interaction of nanostructures with light emit-
ters.
In this Letter, we reveal how to achieve the strong
Purcell effect for all-dielectric nanostructures without
high local-field enhancement. This becomes possible due
to excitation of a specific dark mode at the band edge
of a nanoparticles chain [as shown schematically in the
Fig. 1(a)], which represent a special type of modes which
can not be excited by a plane wave [25–30]. When nanos-
tructure is radiated by a dipole light source, these modes
are excited contributing to the local density of states.
As an example, in the recent study [31], superdirectivity
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FIG. 1. (a) Excitation of a dark magnetic mode in the chain
of dielectric nanoparticles by an electrical dipole emitter.
(b) All-dielectric dimer (N=2), quadrumer (N=4), ..., and
dekatesseramer (N=14) nanoantennas in the form of chains
with the same period a=200 nm. The dielectric constant of
the nanoparticles is ε = 16, the radii of nanoparticles are
r=70 nm.
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FIG. 2. (a) The dependences of Purcell factor for different chain length N=2-14 for T–dipole orientation on radiation frequency.
(b) Top: the magnetic field distribution at 504 THz for the case of N=8. Bottom: 3D radiation pattern at 504 THz for the
same structure. (c) Spectrum of Purcell enhancement computed for T and L polarizations of the dipole emitter for finite chain
consisting of N=14 nanoparticles. (d) Dispersion curves of eigenmodes in infinite dielectric chain.
of all–dielectric nanoantennas was achieved in a similar
way. Nearly zero group velocity at the band edge results
in a Van Hove singularity, manifesting itself in dramatic
enhancement of local density of states. Thus, even if the
local-field enhancement of a nanostructure is not strong,
the high Purcell factor can be achieved through the spe-
cial arrangement of the geometry and dipole light source.
Based on this, here we show that the Purcell factor can
be increased by two orders of magnitude in a finite chain
of crystalline silicon (c-Si) nanoparticles, demonstrating
previously much lower values. Using an eigenmode anal-
ysis for an infinite chain, we reveal that the high Purcell
factor is associated with the Van Hove singularities. Fi-
nally, we perform a proof-of-concept experiment for mi-
crowave frequencies and observe the Purcell factor en-
hancement up to 65 times for a chain of 10 particles.
Our approach would allow to increase the Purcell factor
even more by increasing the number of dielectric particles
in the system.
We start with the simplest system of an all-dielectric
dimer consisting of two dielectric nanospheres with a high
refractive index (such as a crystalline silicon). For anal-
ysis we choose a dielectric material with the dielectric
constant of ε = 16. The nanosphere of this material
with radius of r = 70 nm has the magnetic dipole reso-
nance at a frequency of 500 THz. The distance between
the centers of the nanoparticles is equal to a = 200 nm.
We have placed an electric dipole emitter exactly in the
middle between the nanoparticles orthogonally their ax-
ial axis [as presented in Fig. 1(b)]. In this case, at the
magnetic resonance frequency of the nanoparticles, their
magnetic moments oscillate with a phase difference pi,
i.e. in antiphase. We calculate the Purcell factor (F) by
using the well-known formula [32]:
F = 1 +
6piε0
k3|d|2
Im [d∗ · Es(R0)] , (1)
where k is the wave number, d is the radiating electric
dipole moment of an emitter, and Es(R0) is a scattered
electric field at the emitter origin R0 produced by the
nanoantenna, ε0 is the vacuum permittivity. The Purcell
factor of the all-dielectric dimer reaches 10 (see Fig. 2(a),
blue curve). The frequency at which the maximum value
of the Purcell factor of this dimer nanoantenna is ob-
served is close to the frequency of the magnetic resonance
of a single nanosphere.
Consequent doubling of the number of nanospheres N
[see Fig. 1(b)], we observe a significant increase of Pur-
cell factor from 10 (N = 2) up to 120 (N = 14). The
Purcell factor of this nanoantennas have been also cal-
culated using the Green’s function approach (1). The
results are presented in the Fig. 2(a), where the dimen-
sionless frequency ω = ka/pi is used. In the Fig. 2(b)
the magnetic field distribution for the case of N=8 (top)
and 3D radiation pattern for the same structure (bottom)
at the frequency of 504 THz are presented. These results
show that at the maximum of Purcell factor the magnetic
dipoles of each pair of nanoparticles oscillate in opposite
phase. In this regime the emitted light is localized to the
chain and the radiation pattern has two narrow lobes di-
rected along the chain. For example, in the Fig. 2(c)
the Purcell factor dependences on the frequency for the
case N = 14 for parallel (L–dipole, dashed curve) and
perpendicular (T–dipole, solid curve) orientations of the
dipole emitter are presented. The maximum value of the
Purcell factor increases at the frequency 504 THz where
each nanoparticle is polarized in antiphase in relation to
its neighboring nanoparticles.
Next, to clarify the nature of the very narrow Pur-
cell factor resonance, we consider the case of an infinite
chain. The dispersion properties of an infinite chain with
period a = 200 nm consisting of dielectric nanospheres
with permittivity ε = 16 and radius r = 70 nm embedded
in free space are illustrated by Fig. 2(d). Here the dipole-
dipole interaction model [33] has been used: each sphere
is replaced by its electric and magnetic dipoles. The set
of eigenmodes consists of four branches: transverse elec-
tric (TE), transverse magnetic (TM), longitudinal elec-
tric (LE), and longitudinal magnetic (LM). The corre-
sponding dispersion curves ω(q) are shown in Fig. 2(d),
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FIG. 3. Experimental verification of the Purcell enhancement. (a) The geometry of the experimental setup. (b) Numerical
simulations of the Purcell factor for a chain of N = 2 − 10 dielectric disks. (c) Experimentally measured Purcell factor by
3-mm dipole antenna placed in the center of the chain. The inset shows the geometry. Parameters of numerical simulations
and experiment are: r = 4 mm, H = 4 mm, a = 5 mm, and ε = 16.
where the dimensionless quasi vector q = βa/pi is used,
where β is the propagation constant. The leaky branches
lying above the light line are not shown. The Purcell fac-
tor spectra for a dipole polarized along (L–dipole) and
perpendicular (T–dipole) to the chain axis are shown in
Fig. 2(c) (for N = 14) for ease of comparison with the
eigenmodes. One can see that the multifold enhancement
of the Purcell factor is predicted for T–dipole at the fre-
quency corresponding to TM–mode band edge. Having
almost zero group velocity at the band edge the chain
modes has divergent density of states due to Van Hove
singularity in the infinite 1D structure, that may result in
ultrahigh Purcell factor [34]. However, the high Purcell
factor is observed for TM–mode only, and is not observed
for L–polarized dipole in the whole spectrum. The ex-
planation of this effect lies in the symmetry of the band
edge modes. The phase shift between the dipole mo-
ments of the neighboring nanoparticles equals to pi at
the band edge that makes these modes to be sufficiently
”dark”. The coupling between the dipole emitter and
TE–, LE– and LM–modes is suppressed due to the sym-
metry mismatch. It can be illustrated on the example
of T–dipole and TE–mode: the electric fields induced by
the oppositely polarized nanoparticles cancel each other
in the point of the dipole emitter. Thus, the excitation of
TE–mode by T-dipole is principally weak that also ap-
plies to LE– and LM–modes. However, the TM–mode
possesses the required symmetry and the electric fields
generated by neighboring nanoparticles compliment each
other, thus, the TM–mode is effectively excited. Having
high density of states these modes give rise to the Purcell
factor. Figure 2(b) shows that this effect relates to col-
lective excitation of dark mode. One can see that Purcell
factor rapidly increases with the increase of chain length
that is explained by forming mode structure similar to in-
finite chain when the conception of group velocity starts
to be applicable.
Since the fabrication and measurement of nanospheres
operating in the optical frequency range is difficult, be-
low we demonstrate the proof-of-concept experiment for
the microwave frequency range, similar to earlier stud-
ies [35]. We scale up all the dimensions and perform
numerical simulations and experimental studies. We use
MgO-TiO2 ceramic disks with permittivity ε = 16 and
dielectric loss factor of 1e−3. In order to confirm experi-
mentally the frequency dependence of the Purcell factor,
we measure directly the input impedance of an electri-
cally short wire antenna exciting a chain of ceramic cylin-
ders at microwaves [see Fig. 3(a)]. We have considered a
ceramic chain with the following parameters: the radius
of the ceramic cylinder r = 4 mm, the cylinder height
H = 4 mm, and the period of the chain a = 5 mm. In
such a measurement the Purcell factor is found as a ratio
between the real part of input impedance of the antenna
in presence of the structure and the real part of input
impedance of the same antenna situated in free space [11].
The radiation resistance of small dipole antennas charac-
terizes the radiated power, and it is equal to the real part
of the radiation resistance measured directly in the feed-
ing point. The ceramic cylinders used in the experiment
exhibit their individual magnetic dipole resonances at
8.5 GHz. Therefore, to measure correctly the real part of
the input impedance of an electrically short antenna (the
length is much smaller than the radiation wavelength) in
the broad frequency range, we use a monopole over a
metal ground plane [a mirror in Fig. 3(a)]. Such a setup
requires no balanced-to-unbalanced transformer, and it
can be measured in a standard way with a single cali-
brated 50-Ohm coaxial port of vector network analyzer
(Rohde&Schwarz ZVB20). However, the heights of the
antenna and the cylinders effectively double due to the
metal ground plane. The ceramic cylinders are arranged
in a chain with a thin perforated polyethylene holder,
which does not affect the electromagnetic properties of
the structure. The monopole antenna is formed by a
0.5 mm–thick core of the coaxial cable going through a
4hole in a copper sheet. The monopole height above the
ground plane is chosen to be as small as 3 mm to avoid
its own resonances in the range from 7 to 11 GHz.
The results of numerical simulations are summarized in
Fig. 3(b). For the Purcell factor calculation in the system
of non-spherical particles we use the approach of input
impedance extraction [11]. We observe a strong enhance-
ment of the Purcell factor at frequency of 8.6 GHz up to
65 for the 10-particles chain. In Fig. 3(c), we present
the results of experimental measurements of the Purcell
factor. We observe a good agreement between the exper-
imental data and numerical results. The slight difference
between the experimental and theoretical results at the
first resonance we explain as follows. The near field of
our monopole source is not exactly near field of a dipole
(because of the small hole in the metal sheet and of the
coaxial cable end). Thus, the conditions of the nearest
cylinders excitation in the experiment are different from
ones used in the numerical calculations. We notice that
for a different orientation of the cylinders in the chain,
namely the cylinders axis oriented along the axis of the
chain, we observe much smaller values of the Purcell fac-
tor.
In conclusion, we have predicted a simple way for
achieving a strong Purcell effect for all-dielectric nanos-
tructures without high local-field enhancement. We
have shown that Purcell factor can be increased by
two orders of magnitude in a finite chain of silicon
nanoparticles. Using the eigenmode analysis for an infi-
nite chain, we have demonstrated that the high Purcell
factor is associated with the Van Hove singularities.
We have confirmed our theoretical predictions by the
proof-of-principle microwave experiments with arrays
of high-index subwavelength dielectric particles, and
have observed 65-fold Purcell factor enhancement for
the chain of 10 particles. We believe that the similar
effects can be observed for nanoscale structures due to
scalability of the all-dielectric photonics.
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